The electrical and optical properties of double-walled carbon nanotubes ͑DWNTs͒ have been characterized and compared with those of single-walled carbon nanotubes ͑SWNTs͒ utilizing terahertz time-domain spectroscopy. The power absorption and the complex refractive indices of DWNTs are smaller than those of SWNTs. The conductivity of DWNTs was also observed to be smaller. The experimental results have been fitted with the Bruggman effective medium approximations, which has yielded the transport parameters of DWNTs such as plasma frequency, damping rate, etc. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2435338͔
From the discovery of carbon nanotubes ͑CNTs͒, researchers have been inspired by their unique structures and properties. 1 They are long and hollow cylindrical structures with good mechanical and electrical properties. Their physical shapes and characteristics account for numerous application potentials in the fields of emission displays, atomic force microscopy/scanning tunneling microscope tips, nanoelectronics, fuel cells, and secondary batteries. 2 They are sorted into single-walled and multiwalled carbon nanotubes according to their shell structures. Single-walled carbon nanotubes ͑SWNTs͒ generally have higher electrical conductivity and higher aspect ratios, defined as length to diameter, than multiwalled carbon nanotubes ͑MWNTs͒ when compared with the same kind, either metallic or semiconducting. Meanwhile, MWNTs have higher mechanical strength and higher breakdown voltage than SWNTs. Hence, for CNT application to nanoelectronics, intermediate properties that have the advantages of both CNTs are required. Double-walled carbon nanotubes ͑DWNTs͒ are assumed to meet this requirement. Recently, the application of DWNTs to field electron emitters has been studied, 3 and they have been found to have a longer lifetime than SWNTs, although both have comparable threshold voltages.
To apply DWNTs to electronic devices, it is essential to study their electrical and optical properties. These properties have been measured by Fourier transformed infrared ͑FTIR͒ spectroscopy and microwave spectroscopy, and by I-V measurements. [4] [5] [6] However, these techniques have limitations in that their frequency-dependent measurements are not available in I-V measurement, and complex calculation processes are required in FTIR spectroscopy such as the Kramer-Kronig relationship. Moreover, microwave spectroscopy is not efficient in the study of a few hundred gigahertz ͑GHz͒ and terahertz ͑THz͒ regions because microwaves deliver very small power over a few hundred GHz. However, in the THz range, the transport parameters of semiconductors such as plasma frequency and damping rate reside. 7 Therefore, to study the frequency-dependent electrical and optical properties in the THz range, terahertz time-domain spectroscopy ͑THz-TDS͒ is performed. THz-TDS can study frequency-dependent characteristics without complicated numerical processes because the measured wave forms yield the magnitude and phase information directly. 8 Also, THz-TDS has a good signal-to-noise ratio of over 5000:1, so it yields more accurate results than any other optical measurement from a few hundred GHz to a few hundred THz. [8] [9] [10] This letter studies the electrical and optical properties of DWNTs and compares these with those of SWNTs using THz TDS. The experimental results are also analyzed using the Bruggman effective medium approximation ͑BEMA͒, which is a proper model for describing composite systems.
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Through BEMA, the plasma frequency, damping rate, and other transport parameters are obtained.
For THz TDS, a photoconductive switching technique 10 was used. The generation antenna was made of coplanar lines on a GaAs substrate and biased with a voltage of 80 V. The detection antenna was made of a 5 m gap dipole antenna on a low-temperature-grown GaAs. An 85 fs modelocked Ti:sapphire laser pulse drove both antennas at an average power of 5 mW. The sample was located between paraboloidal mirrors and held on an 8 mm pinhole. To eliminate water vapor absorption during the experiment, the THz-TDS system was located in an airtight acrylic box under 6% humidity. DWNT and SWNT powders were prepared. The SWNTs, provided by CNI, were manufactured by the high pressure carbon monoxide method ͑HIPCO͒ and were unpurified. The diameter of the SWNTs was about 0.75-1.4 nm and their length was several tens to several hundreds of nonometers. The DWNTs were synthesized by conventional catalytic arc discharge using a 30 wt % catalyst with the same ratio as that of the transition metals ͑Ni:Co:FeS=1:1:1͒. Figure 1 shows the transmission electron microscopy ͑TEM͒ image of the DWNTs. The inner and outer diameters of the DWNTs, calculated using radial breathing modes, were within the 1.3-2.0 and 2.0-2.8 nm ranges, respectively, and the range of their length was the same as that of the SWNTs. The CNTs bundled easily, but it was difficult to form them into a pellet for the measurement. Therefore, the CNT powder was mixed with the KBr powder, because KBr has a good transparency and a low refractive index in the far-infrared range. The total weight of the mixture was 0.1 g, with the CNT concentrations of 0.5 and 1 wt %. After the mixture, the samples were pressed at 3000 psi for 10 min. They had a diameter of 0.9 cm and a thickness of about 0.6 mm.
The time-domain wave forms passing through the KBr, DWNT, and SWNT samples and the reference wave form passing through the air were measured. The frequencydependent transmissions were extracted by a comparison with the reference. 9, 12 The optical and electrical constants of the DWNT, SWNT, and KBr samples are shown in Fig. 2 . As the concentration of the CNTs increased, the amplitude differences between the KBr and CNT samples also increased in each data set. In Fig. 2͑a͒ , the power absorptions of all the samples increased with the frequency increment. The slopes of the SWNT samples were similar to the trend of the KBr samples, but those of the DWNT samples were observed to be steeper. However, the power absorption of the DWNT sample was smaller than that of the SWNT sample with the same concentration ͑wt %͒. Figure 2͑b͒ shows the indices of refraction. The index of refraction of the KBr sample increased gradually as the frequency increased, which was caused by the multiphonon resonance peak at around 3.4 THz. 13 The CNT samples had higher values in the lowfrequency range, even though their weight concentrations were less than 1%. Therefore, it can be assumed that CNTs have much higher indices of refraction in that frequency range. The increase in the indices of refraction by over 2 THz for both CNT samples was caused by the KBr resonance. Figure 2͑c͒ shows the extinction coefficients, which differed significantly between the DWNT and SWNT samples. The extinction coefficient of the SWNTs was higher than that of the DWNTs. The extinction coefficients of the SWNT samples decreased with the frequency increment, but those of the DWNT samples were less dependent on the frequency. In Fig. 2͑d͒ , the conductivities of the DWNTs were about half those of the SWNTs with the same concentration ͑wt %͒. If the KBr effect is excluded numerically, then a much bigger difference would be observed. The conductivities of the DWNTs are estimated to be smaller than those of the SWNTs by roughly one-third to one-fourth. These results are supported by Raman spectroscopy.
To verify the THz-TDS experimental results, DWNTs and SWNTs with a Raman spectroscopy measurement of 513.5 nm were studied. In general, Raman spectroscopy can observe the distribution of dielectric bonding ͑sp 3 , D band͒ and metallic bonding ͑sp 2 , G band͒. 2 The experimental results are shown in Fig. 3 . The peak positions of both CNTs were similar, but the ratios of the D band ͑1380 cm −1 ͒ and the G band ͑1590 cm −1 ͒ were quite different. From the difference in the ratios, it was found that DWNTs have higher dielectric properties than SWNTs.
To analyze these experimental results qualitatively, we modeled the composite system which is composed of CNT particles in a KBr host medium using BEMA. 4, 11, 14 CNTs have both metallic and semiconducting properties because they consist of diverse tubes and contact junctions. 5, 6 Describing these properties, the dielectric function of CNTs CNTs is represented as a combination of the Drude and Lorentz harmonic oscillator models, as shown in Eq. ͑1͒ below,
in which ϱ is the dielectric constant at infinity, p is the plasma frequency, ⌫ is the damping rate in the Drude model, L is the phonon frequency, ⌫ L is the spectral width, and p,L is the strength of the Lorentz oscillator.
The fits are shown in Fig. 2 , and their parameters are presented in Table I . Because the measured dielectric constant of KBr was used for the fit, there are some fluctuations in the fitting lines, as shown in Fig. 2 . The fitting lines reasonably agreed with the experimental data. In Table I , the filling factors of the same CNTs are almost double between 0.5 and 1.0 wt %, but do not have the same concentration ͑wt %͒ ratio because the density of CNTs is much smaller than that of KBr. There was an obvious change in the plasma frequency. The plasma frequency of the DWNTs was 10.5 THz, which is less than half that of the SWNTs, which was 23.0 THz; the oscillator strength of the DWNTs was also smaller than that of the SWNTs. Because the plasma frequency depends on the square root of the carrier density, the carrier density of the DWNTs was smaller than that of the SWNTs. The difference between the conductivities of the DWNTs and the SWNTs can be attributed to the fact that their carrier density was directly proportional to their conductivity. It is assumed that the smaller carrier density of the DWNTs was due to the smaller number of their tubes and to the interlayer interaction. The number of DWNTs was less than half the number of SWNTs for the same concentration ͑wt %͒. It is also speculated that it was the interaction between the inner and the outer layers that obstructed electron motion.
In conclusion, the electrical and optical properties of DWNTs were measured between 0.2 and 2.5 THz using THz TDS and compared with those of SWNTs. The power absorption, complex indices of refraction, and conductivity of DWNTs were smaller than those of SWNTs. Raman spectroscopy was also performed to support the results. Using BEMA, the experimental results of THz-TDS were fitted and the transport parameters of the CNTs were obtained. The plasma frequency of the DWNTs was observed to be smaller than that of the SWNTs. 
